genetic models ͉ innate immunity N atural killer (NK) cells are large granular lymphocytes that belong to the innate immune system (1) . NK cells are present in lymphoid organs as well as in nonlymphoid peripheral tissues (2) . They are involved in defense mechanisms against several types of microbial infections and tumors (3) . They also have a role in shaping adaptive immune responses and in the control of placental development (4, 5) . Strategies are emerging to apply NK cells as therapeutic agents against a broad range of malignancies (6, 7) . However, several NK cell features have limited our understanding of their biological function.
First, NK cells share phenotypic properties with various T cell populations such as CD1d-restricted NKT cells, ␥␦ T cells, and discrete subsets of antigen-experienced CD122 ϩ CD8 ϩ T cells (8) . NK cell identification by flow cytometry thus requires other markers to exclude T cells.
Second, there is no consensus phenotypic definition of NK cells across species. In humans, NK cells are defined as CD56 ϩ CD3 Ϫ lymphocytes. In NK cells, CD56 corresponds to the 140-kDa isoform of the neural cell adhesion molecule (N-CAM). Yet, N-CAM is also expressed by T cell subsets, muscle cells, and neurons, but it is not expressed by murine NK cells (9) . In the rat, NK cells express the activating receptor NKR-P1A, but this molecule is also expressed by T cell subsets (10) . In the mouse, the widely used PK136 antibody reacts with NK1.1, an epitope shared by the activating receptor NKR-P1C in C57BL/6 mice and the inhibitory receptor NKR-P1B in SJL mice (11) . However, NK cells from other mouse strains do not react with the anti-NK1.1 antibody, due to allelic divergence of the nkrp1b/c genes (11). In NK1.1 Ϫ mouse strains, the identification of NK cells is based on the expression of the integrin subunit CD49b that is recognized by DX5 antibodies (12) , despite its expression on T cell and myeloid subsets (13, 14) . These various phenotypic NK cell definitions and the lack of specific NK cell markers impede the comparison of data across species.
Third, there is no genetic model where NK cells can be selectively deleted (15, 16) . Transgenic mice lacking NK cells but with a normal T/NKT cell compartment have been reported (17) . The cause of NK cell ablation in these mice is unknown, but is linked to the expression of the ubiquitous transcription factor ATF2, raising the possibility of other defects yet to be further investigated (18) . In vivo NK cell depletion has thus so far relied on anti-asialo-GM1 or anti-NK1.1 depleting antibodies. However, the expression of these markers outside of the NK cell compartment has hampered the interpretation of results obtained with these protocols.
Natural cytotoxicity receptors (NCRs) include the NKp30, NKp44, and NKp46 molecules, and are Ig-like transmembrane glycoproteins (19) . Their transmembrane regions contain positively charged amino acids allowing association with the ITAMbearing polypeptides CD3 and FcR␥ for NKp46 and NKp30 or KARAP/DAP12 for NKp44 (20) . NCRs are involved in the recognition of tumor targets, but the cellular ligands recognized by the NCRs are still elusive (20) . NKp46 (product of the NCR1 gene) has also been shown to recognize the hemagglutinin of influenza virus and the hemagglutinin-neuraminidase of Sendai virus (21) . NKP46 is conserved between human and mouse, whereas no mouse orthologue of NKP44/NCR2 has been found (22) , and mouse Nkp30/Ncr3 is a pseudogene in Mus musculus (23) .
Previous studies have shown that NKp46 expression was restricted to CD56 ϩ CD3 Ϫ HLA-DR Ϫ lymphocytes in human peripheral blood mononuclear cells (24) . Here, we show that NKp46 cell surface expression defines NK cells in human, in all strains of mice tested, and in three species of monkey, leading to the proposal that NKp46 is a unifying marker for NK cells across mammalian species. Moreover, NK cells can be unambiguously visualized in situ and selectively activated via NKp46. Finally, we identified a 400-bp NKP46 promoter that drives NK cell-specific gene expression, allowing the generation of the first transgenic mouse model of conditional and selective NK cell ablation in vivo.
Results
Cell Surface Expression of NKp46 Defines NK Cells Across Species.
NKp46 expression was previously shown to be virtually restricted to CD56 ϩ CD3 Ϫ HLA-DR Ϫ cells in humans (24) . Here, we further show that, unlike CD56, NKp46 was not expressed by ␥␦ T cells or CD1d-restricted V␣24 ϩ T cells that represent minor fractions of the human blood CD3 ϩ population [supporting information (SI) Fig. 6 ]. Thus, NKp46 cell surface expression defined human peripheral blood NK cells in normal individuals. These results prompted us to test whether NKp46 can also be used as a phenotypic marker of mouse NK cells, using either monoclonal (29A1.4) or affinity-purified polyclonal antibodies raised against a chimeric mouse NKp46-Fc fusion protein (SI Fig. 7 ). NKp46 expression was detected in nearly all NK1.1 ϩ cells from RAG Ϫ/Ϫ mice but was severely reduced when cells were isolated from CD3 Ϫ/Ϫ FcR␥ Ϫ/Ϫ RAG Ϫ/Ϫ mice (Fig. 1A) . The latter lack the CD3 and FcR␥ adapter molecules required for cell surface expression of human NKp46 (25) . These data thus suggest that both human and mouse NKp46 depend on CD3 and FcR␥ for cell surface expression and establish the specificity of the mouse NKp46 staining performed with anti-NKp46 monoclonal and polyclonal antibodies. In C57BL/6 mice, NKp46 was not expressed in granulocytes, dendritic cells, B cells, T cells, CD1d-␣-gal-cer tetramer ϩ NKT cells (Fig. 1B) , monocytes or macrophages (data not shown). By contrast, NK cells, defined as NK1.1 ϩ CD3 Ϫ , were characterized by a high and uniform expression of NKp46 (Fig. 1B) . In line with previous studies in humans (26) , the cell surface expression of NKp46 is initiated at the immature stage of NK cell development (CD122 ϩ NK1.1 ϩ DX5 Ϫ ) in the bone marrow (Fig. 1C) and subsequently remains at the same level by all NK cells isolated from all organs tested (Fig. 1D and data not shown) . Thus, NKp46 cell surface expression defines NK cells in C57BL/6 mice in contrast to NK1.1 alloantigen that is expressed by a large percentage of CD3 ϩ cells in various organs (Fig. 1E) . Next, we measured NKp46 expression in NK1.1 Ϫ strains of mice, where NK cell identification is the most problematic. A bright NKp46 staining was observed on DX5 ϩ CD3 Ϫ cells from all strains of mice tested (BALB/C, SJL, CBA/CA, DBA/2, B6.129, NOD, NZW; Fig. 1F and data not shown). We also noticed the presence of a substantial population of NKp46 ϩ DX5
Ϫ CD3 Ϫ cells (data not shown). These cells were also present in C57BL/6 mice where they expressed NK1.1. They correspond to immature NK cells, enriched in young mice, especially in the liver when they represented up to 50% of NK cells ( Fig. 1G) (27) . Thus, NKp46 cell surface expression defines NK cells in all mouse strains in contrast to DX5/CD49b that is expressed by a large percentage of CD3 ϩ cells in various organs (Fig. 1E ) and by only a subset of NK cells (Fig. 1G) . The cell surface expression of DX5 has also been reported on lung basophils, as well as on ill-defined subsets of CD3 Ϫ NK1.1 Ϫ splenocytes (28) . Importantly, NKp46 is not expressed by bone marrow basophils, or by the small fraction of splenic NK1.1 Ϫ CD3 Ϫ DX5 low cells that are likely of myeloid origin (data not shown).
Although these results indicate that NKp46 represents the most specific surface marker for mouse NK cells, Ͻ2% of NKp46 ϩ cells also express low levels of surface CD3 (Fig. 1E ). To determine whether antigenic exposure induced NKp46 expression on T cells, we infected C57BL/6 mice with mouse cytomegalovirus, which is associated with a robust CD8 ϩ T cell response. At the peak of the response, 40-50% of CD8 ϩ T cells displayed an activated CD43 high phenotype and acquired NKG2A/C/E cell surface expression (29) (SI Fig. 8 ). However, all T cells in virus-infected mice remained NKp46 Ϫ (SI Fig. 8 ).
These results indicate that acute T cell stimulation does not lead to the cell surface expression of NKp46. Rather, NKp46 ϩ CD3 ϩ cells could originate from chronically activated T cells reprogrammed into NK-like cells, as recently proposed for intraepithelial T cells in celiac patients (30) . Consistent with this hypothesis, these NKp46 ϩ CD3 ϩ cells harbor a very peculiar cell sur face phenotype, as they are NK1.1 ϩ Ly49 ϩ CD1d tetramer Ϫ CD4 Ϫ CD8 Ϫ , and 75% of them are TCR␥␦ ϩ . These NKp46 ϩ ␥␦ T cells represent a minute fraction of ␥␦ T cells, as 95-99% of splenic and nearly 100% of gut intraepithelial ␥␦ T cells are NKp46 Ϫ (data not shown).
NK Cells Can Be Visualized in Situ and Activated via NKp46
. Visualization of NK cells in situ has been hampered by the lack of reactivity and specificity of NK cell markers. Therefore, we Results in E are presented as the mean Ϯ SD of at least three independent experiments. Similar staining results were obtained by using either affinity purified goat anti-mouse NKp46 polyclonal antibodies and the rat anti-NKp46 29A1.4 mAb (SI Fig. 7 ).
tested the reactivity of anti-NKp46 antibodies on mouse tissue sections. A bright staining was observed on spleen sections in comparison with control antibodies. This staining was specific to NKp46, as it was abrogated by the addition of NKp46-Fc recombinant protein (data not shown). Three-color immunofluorescence staining showed that NK cells were mostly localized in the splenic red pulp at steady state. Under these conditions, NK cells were also present in parafollicular (Fig. 2 ) and medullar (SI Fig. 9 ) lymph node areas. In spleen and lymph nodes, NK cells were in close proximity to CD11c bright and CD11b bright cells that include dendritic cell and macrophage subsets. NKp46 antibodies also stained NK cells in other organs such as the lung or the liver (SI Fig. 9 ). Thus, NKp46 staining allows the visualization of NK cells in their microenvironment.
Consistent with NKp46 association with CD3 or FcR␥ and data obtained with human NK cells (25) , NKp46 antibodymediated triggering induced freshly isolated mouse NK cells to secrete IFN-␥ and to release their cytotoxic granules content, as measured by surface exposure of the lytic granule marker CD107a (31) (Fig. 3) . Thus, resting NK cells may be activated through NKp46 providing means to specifically activate NK cell effector functions. These results contrast with a recent study showing that only CD16 engagement triggers freshly isolated human NK cells (32) . However, the density of CD16 surface expression is much higher than that of NKp46 on human NK cells. In contrast, CD16 is expressed at low density on freshly isolated mouse NK cells and NKp46 is expressed at higher levels. Our reproducible activation of freshly isolated mouse NK cells by anti-NKp46 reagents (both 29A1.4 mAb and antiserum), thus indicate that CD16 is not the only NK cell surface receptor whose engagement leads to NK cell activation. This finding is consistent with the association of NKp46 with the same ITAM-bearing transduction polypeptides (FcR␥ and/or CD3) as CD16 (19) .
In Vivo Tagging of NK Cells via NKP46. The dissection of NK cell biological functions has been complicated by the lack of selective deficiency models. Having shown that NKp46 was a specific NK cell marker, our goal was to use NKP46 regulatory sequences to create such models. To validate the feasibility of this strategy, we first generated a transgenic vector consisting of a 24-kb human genomic region located between the NKP46 adjacent genes FCAR and NALP7 (Fig. 4A) . From a transgenic founder (referred to as huNKp46 Tg hereafter), offspring were obtained at Mendelian frequencies, developed normally, and were fertile. BAB281 (anti-human NKp46) mAb that do not cross-react with mouse NKp46 (SI Fig. 7 ) (24) were used to assess the cell surface expression of human NKp46 in these mice. Human NKp46 was not expressed on granulocytes, dendritic cells, B cells, T cells, and CD1d-␣-gal-cer tetramer ϩ NKT cells but expressed at a high and uniform level on NK cells (Fig. 4B) . Moreover, human NKp46 starts to be expressed at the immature stage of NK cell development in the bone marrow (Fig. 4C) and remains subsequently expressed at the same level by all NK cells isolated from all organs tested (Fig. 4D and data not shown) . Remarkably, the pattern of human NKp46 expression in huNKp46 Tg mice was thus similar to that of endogenous mouse NKp46 molecules in parental mice. Therefore, the cell surface expression of human NKp46 defined NK cells in huNKp46 Tg mice demonstrating that NKP46 regulatory sequences could be used to drive NKspecific gene expression. NK cells in huNKp46 Tg mice exhibited normal counts, phenotype and effector function (data not shown). Importantly, redirected lysis was induced through human NKp46 (Fig. 4E) , indicating that human NKp46 molecules are functional in mouse NK cells. Finally, i.v. administration of anti-human NKp46 mAb led to a nearly complete disappearance of NK cells from blood and all organs tested, 2 days after injection (SI Fig. 10 ). By contrast, NKT cell and ␥␦ T cell counts were not significantly affected (SI Fig. 10 ), indicating that huNKp46 Tg mice can be used as a mouse model of NK cell-selective depletion.
Generation of Mouse Genetic Models for the in Vivo Dissection of NK
Cell Function. Next, we sought to identify a minimal promoter from the 24-kb huNKp46 construct. DNA alignments between several mammalian species revealed a 400-bp sequence upstream of NKP46 exon 1 that is highly conserved through evolution and could thus correspond to a functionally active NKP46 promoter region (SI Fig. 11 ). A putative TATA box was predicted in this region upstream of the transcription start site and downstream of a series of consensus motifs for transcription factor binding sites. This 400-bp sequence was cloned into a luciferase reporter vector to examine its capacity to promote transcription in vitro. The 400-bp NKP46 sequence drove efficient luciferase expression in the NK cell line, NKL, as compared with the ubiquitous SV40 promoter (Fig. 5A) . In contrast, this 400-bp NKP46 sequence was inefficient in the erythroleukemia K562 line, suggesting that the 400-bp sequence upstream of NKP46 exon 1 featured both efficient promoter activity and NK cell specificity. We thus used this 400-bp NKP46 sequence to drive the transgenic expression of a bicistronic cassette consisting of the cDNA sequences encoding for the human diphtheria toxin (DT) receptor (DTR) and EGFP (Fig. 5B) . Expression of the DTR protein should confer DT sensitivity to NKp46-expressing cells leading to the selective ablation of these cells after DT administration (33) . This construct, referred to as NKDTR/EGFP hereafter, was injected into fertilized mouse ovocytes. Of six founders, one displayed high transgene expression and was bred to start the NKDTR/EGFP transgenic mouse colony. Remarkably, EGFP was expressed in NK cells in these mice, confirming that the 400-bp NKP46 promoter retained the tissue-specificity of the endogenous Nkp46 regulatory sequences in vivo (Fig. 5C) . DTR expression was similar to that of EGFP (data not shown). NK cells in NKDTR/EGFP transgenic mice occur at normal frequency and display a normal phenotype (data not shown). Two injections of DT at 24-h interval led to the disappearance of NK cells in mouse peripheral blood mononuclear cells (Fig.  5D ), as well as in spleen, lymph nodes, bone marrow, liver, and lung (Fig. 5E ). NK cell ablation persisted for at least 7 days, before a progressive repopulation of the circulating compartment. The kinetics of reconstitution of circulating NK cells is compatible with the 17-day NK cell half-life reported earlier (34) . Importantly, DT injection did not affect T cell populations, including NKT cells and ␥␦ T cells in all organs tested (Fig. 5F ). To confirm the depletion of NK cells, splenocytes from control mice or NKDTR/EGFP mice treated with DT, were assayed in vitro against YAC-1 tumor cells. No cytotoxicity was detected when splenocytes were isolated from NK-DTR/EGFP mice treated with DT, in contrast to control mice (Fig. 5G) . These data show that DT infusion in NKDTR/EGFP mice leads to a specific depletion of NK cells in all organs, that is associated with the complete disappearance of in vitro cytotoxicity against YAC-1. As the small population of NKp46 ϩ T cells expresses low level of NKp46 as compared with bone fide NK cells, it was not depleted using the above DT administration protocols (data not shown). The generation of NKDTR/EGFP transgenic mice thus provides an in vivo model of selective and conditional NK cell ablation.
Discussion
Until now, the identification of mouse NK cells relied on NK1.1 or CD49b cell surface expression. However, these markers are not specific of NK cells. Moreover, NK1.1 and CD49b patterns of expression are not totally overlapping. In particular, subsets of NK cells do not express CD49b (Fig. 1G) , which complicates the comparison of data regarding NK cells obtained in NK1.1 ϩ and NK1.1 Ϫ strains (15) . By contrast, we show here that NKp46 is a specific marker for all NK cells (CD49b ϩ and CD49b Ϫ ), in all mouse strains tested. This finding opens perspectives in the study of the role of NK cells in various conditions. For instance, there are numerous mouse disease models, either autoimmune or infectious, that rely on specific mouse strains. The use of NKp46 will thus make it possible to study of the role of NK cells in these strain-dependent disorders. In particular, the cell surface expression of NKp46 allows to detect NK cells in autoimmune prone strains such as NOD and NZW (data not shown), where the roles of NK cells remain to be precisely dissected or revisited (35, 36) .
Moreover, the comparison of NK cells across species has been complicated by various phenotypic definitions of NK cells. Here, we show that NKp46 is selectively expressed by human and mouse NK cells, consistent with the original description of NKp46 in humans (24) and the recent generation of Ncr1 gfp/gfp mice (37) . In addition, we also documented the NK cell-specific expression of NKp46 in three monkey species (Baboon, Rhesus, and Cynomolgus; SI Fig.  12 ). Previous reports have shown that rat and bovine NK cells specifically express NKp46 (38, 39) . We thus propose to unify the phenotypic definition of NK cells across mammalian species on the basis of NKp46 cell surface expression.
We show that NK cells can be visualized in situ by means of NKp46 staining on tissue sections. Our results document the presence of NK cells in the red pulp of the spleen, as well as in the paracortex and medulla of lymph nodes consistent with previous data (40 -42) . We further showed that NK cells in secondary lymphoid organs are in close proximity to CD11b ϩ and CD11c ϩ cells, consistent with the cross-talks between NK and DC (43), as well as NK and macrophages (44) . These results provide the proof of principle that anti-NKp46 antibodies represent an efficient means for the identification of NK cells in situ. In addition, GFP-tagging in NKDTR-EGFP transgenic mice constitutes an alternative strategy of NK cell visualization.
To evaluate the role of NK cells in vivo, previous studies have classically used anti-NK1.1 antibodies to deplete NK cells in C57BL/6 mice, or anti-asialo-GM1 in other strains of mice. However, these markers are not NK cell-specific and might induce depletion of various other T cell subsets, complicating the interpretation of such experiments. Moreover, administration of antibodies may induce undesirable side effects, such as NK cell activation upon anti-NK1.1 cross-linking (45), or nonspecific effects through interactions with Fc receptors expressed on many cell types. To overcome these limitations, we took advantage of the identification of a functional NKP46 promoter to generate a mouse model of conditional NK cell ablation based on the DT/DTR system, successfully used before to ablate other cell types (33, 46) . We showed that DT injection led to a complete and selective ablation of NK cells.
In conclusion, we propose a unifying phenotypic definition of NK cells across species based on the cell surface expression of NKp46. Moreover, we foresee the extensive use of NKDTR-GFP transgenic mice to delineate the role of NK cells in various conditions. Taken together, these innovative technical approaches will help to reveal the biological functions of NK cells and to develop informative preclinical models.
Methods
Mice. All inbred mice (Charles River Laboratories, L'Arbresle, France) were purchased for use in this study. RAG1 Ϫ/Ϫ , RAG1 Ϫ/Ϫ CD3 Ϫ/Ϫ FcR␥ Ϫ/Ϫ , and transgenic mice were bred in pathogen-free breeding facilities at the Centre d'Immunologie de Marseille-Luminy (Marseille, France). All of the mice used in this study were between 6 and 10 weeks of age. Experiments were conducted in accordance with institutional guidelines for animal care and use. Fig. 7 . Secondary staining was performed with goat anti-rat IgG or donkey anti-goat IgG (Invitrogen, Carlsbad, CA). Anti-human NKp46 mAb (BAB281) was from Beckman Coulter (Fullerton, CA). Lung and liver lymphocytes were prepared as described (49) .
Immunofluorescence on Tissue Sections. Immunofluorescence was performed on 5-to 10-m-thick serial frozen sections. Sections were fixed with acetone before staining with anti-CD3-APC, anti-CD19-PE and goat anti-mouse NKp46 followed by secondary donkey anti-goat IgG-alexa 488 (Invitrogen). Slides were analyzed by confocal microscopy (Zeiss LSM 510, Welwyn Garden City, Hertfordshire, U.K.).
NK Cell Stimulation Assay. Anti-NK1.1 (PK136) and anti-NKp46 antibodies (antiserum or 29A1.4 mAb) were bound on plastic (96-well plates) overnight in carbonate buffer. Spleen lymphocytes isolated from RAG Ϫ/Ϫ or C57BL/6 mice were stimulated 4 h in the presence of FITC-coupled anti-CD107a antibodies and Golgi-stop (PharMingen). Cells were subsequently stained with DX5/CD3 antibodies and intracellular IFN-␥ using cytofix/cytoperm kit (PharMingen) before flow cytometric analysis. Anti-NKp46
